to rocket propulsion will therefore take many more years of work.
The potential of atomic hydrogen is so great, however, that the interest in it will certainly continue tmtil these atoms are either harnessed or a physical storage limit is reached. A breakthrough in atom storage technology could also improve Earth-storable rocket propellants. Small amounts of added non-cryogenic atoms could increase the I.p of many propellant combinations.
Ground-based energy storage of a hydrogen-based economy or one based on other cryogenic fuels for terrestrial applications could also benefit from higher stored energy densities.
The applications of atom storage can therefore have many important applications outside of the rocket propulsion community.
This paper describes the current state of the art in atomic hydrogen production and the limits of the atom storage density.
Also addressed are feed system options, a set of parametric engine performance predictions, and a brief discussion of the past thruster testing with free radicals is included.
A bibliography is also included to cover many additional articles and reports on atomic hydrogen investigations.
Research Summary
Many researchers have conducted significant work in free-radical trapping and storage. The first free radical trapping occurred in 1953-54 (Ref. 9). Nitrogen atoms were deposited in a solid nitrogen matrix and cooled with liquid helium (Ref. 9) . The atoms were formed with an electrodeless discharge excited by a microwave voltage, which broke up a small fraction of the molecules of the matrix material.
The atoms move to the interstitial spaces of the solid and are stored there. Similarly, oxygen and hydrogen atoms were trapped in a matrix of solid oxygen and hydrogen, respectively (Ref. 9). In 1959, experiments attempting to trap atomic hydrogen achieved a storage density of 6 x 10-4 percent (Ref. 3 and l 1). The early nitrogen experiments revealed a phosphorescence of the recombining nitrogen. This phosphorescence is prominently noted in much of the future work on freeradical hydrogen. The light energy released may be a great fraction of the total energy released from the free radical recombination.
This light and its implications for propulsion are discussed later in the paper.
Atomic
hydrogen propellant research has advanced significantly in the last half century. A steady increase in the stored atom density in a cryogenic solid matrix has occurred over this period. In Figure 1, The trend of the predicted storage density shows that the "theoretical" limit is improving as the new insights gained from experiments are included. Figure  1 shows that a new understanding of atomic hydrogen will be needed to make it useful for propulsion.
The eurrently accepted "theoretical" limit for storing free atoms in a solid matrix is 5 percent (Refs. 23 and 24), while the storage density required to make atomic hydrogen attractive is greater than 10 percent.
Without improving the storage limit beyond the 5-percent level, atomic hydrogen is not a viable propellant.
This will be addressed later in the paper.
t0xag mmax
The theoretical line shown in Figure 1 is based on the "intuition" and educated guesses of various researchers and not on a rigorous theory. The basis of the line is an assessment of the state of the art at that time, expert opinions, and reasonable extrapolations of the current thinking on the subject. Figure  2Co ), the variation of the number of atoms stored before and after a heat spike is described.
The time of the energy release from the recombination event is denoted by the black triangles. Apparently, the solid matrix is able to hold a specific amount of energy and then can do no more to prevent atom recombination. After the heat release occurs, the atom level drops precipitously. During a period of approximately 1000 to 7000 minutes, as shown
in Figure  2( being produced. Tritium radiation from beta particle decay is a constant energy source term. The decay process also damages the surrounding matrix, further limiting the capability of the solid to store the atoms. This energy must be controlled and "shut off" to allow the atomic hydrogen to lie stably in its solid matrix.
Since tritium's beta production cannot be turned off, an alternate method of production is required.
The production directions for atomic hydrogen will move away from the use of tritium and employ high energy beams or radiofrequency excitation. Electron beams or other high-energy beams would deposit energy into the molecular hydrogen, break them up into atoms and make free radicals. Another method, using radiofrequency excitation or microwaves, allows the atoms to be formed with a fairly minimal disturbance. for these magnets is given in Figure 5 (Ref. 37) . They were designed for a proposed version of the Superconducting Supercollider and a similar configuration might be used for a launch system. The vehicle would be surrounded by these magnets during fueling.
Other innovative methods of atomic hydrogen
In fact, the magnets could be an integral part of the ground storage and launch support system. Conceptually, the propellant tankage could alsobe the ground storagetank. The vehicle would then be assembled around the building blocks of the tankage. Prior to launch,themagnets and theirsupport structure would be removed and the vehicle would be freeto lift off.The mass of the magnets, which depends on the magnetic fieldstrength,could make theirstructurevery massive. Thus, it appears thatatomic hydrogen may be practical foronly ETO vehiclesand upper stages would be severelypenalizedby the magnet mass. This furthersupports the previous conclusion that ETO propulsionisthemost likelycandidatefor atomic hydrogen. Additional experimentation should be able to more accuratelyquantifythe influenceof themagnetic fieldon the storability of atomic hydrogen and the magnet's influence on launch operations. (Refs. 6, 38, and 39) . The helium has a higher molecular weight than H2 and therefore will reduce the Isp. To obtain the maximal performance, the helium should be removed from the propellant flow and recirculated prior to entering the engine. However, the method of stripping the helium from the flow prior to injection into the recombination chamber is not clear. Another fluid may be chosen that morenearly matches the fluid properties of the solid atomic hydrogen and hydrogen particles. Liquid hydrogen with some dopant or additive to lower its freezing point is a possibility.
If the helium carrier fluid were not removed, the performance of the engine would be reduced because the molecular weight of helium is higher than hydrogen. However, the overall propellant density would increase due to the higher density of liquid helium over solid hydrogen.
A preliminary performance assessment shows that the density of the overall propellant increases to 111.2 from 88.0 kg/m3 and the engine Isp is reduced to 1132 from 1200 lbf-s/lbm. This analysis uses the I-I/H2 loading of 61.5 percent and a helium-H/H2 volume ratio of 1:1. This volume ratio corresponds to a 1.421 mixture ratio. For the engine analysis, the expansion ratio was 50:1 and the chamber pressure was 1000 psia. Further analysis on the overall vehicle performance and the masses of the heliumhydrogen feed system are required to determine the full effect of the helium addition over a range of design conditions.
Another
feed system consideration is the physical size of the feed lines. Figure 6 shows the line diameter and atomic hydrogen particle flow rate versus the particle mass. This analysis allows the determination of acceptable line sizes for a feed system.
In the figure, the mass flow rate of H/H2 particles is 1340 kg/s and the particles are suspended in a helium carrier fluid. This mass flow rate is needed for the first stage of an NLS (Isp = 750 lbt'-s/lbm, Ref. 7).Using the figure, a parametric estimate of the particle sizes and the associated line sizes needed to support this flow rate is made. In sizing the lines, a cylindrical H/I-I2 particle was used. Its length to diameter ratio (L/D) was 1:1 and its density was 88.0 kg/m3.
To carry the particle, a solid to liquid volume fraction of 50 percent was used, where dfeexi is the feed line diameter in cm and mp_t is the particle mass in kg.
For a particle size of 148 kg, the line diameter is 162 cm. To support the 1340-kg/s flow rate needed, approximately nine of these particles must enter the recombination chamber per second.
This design seems impractical and it therefore appears that the larger pellet sizes will not be suitable for atomic hydrogen vehicles. 4 and 6) . Including these frozen flow losses, a more reasonable upper limit of 1500 lbf-s/lbm is obtained. This limit, however, will be difficult or impractical to attain; a fuel composed of 100-percent atomic hydrogen would be needed. Currently, it is difficult to conceive of storing atomic hydrogen, that is useful for rocket propulsion, without some sort of matrix. The Isp value of 750 lbf-s/lbm appears to be a more attainable goal, only requiting an H storage density of 15 percent. to improve or whether we have reached a true limit of atom storage. Improved techniques in atom storage are being investigated.
Only by continuing to pursue these teelmiques earl we hope to answer the questions about the ultimate limit of atom storage density.
Currently,
the energy emitted from the recombination of atomic hydrogen is both optical (ultraviolet, visible and infrared light) and thermal.
There is approximately 10 times more energy measured using NMR than using ESR. It is also not clear how much of the energy is released as light and how much as heat. This distribution of the energy release is not fully understood and could be a major barrier to using atomic hydrogen as a rocket propellant.
Producing large quantifies of atomic hydrogen is another major stumbling block. Current methods of production for research samples make about one nanogram of atoms. For an NLS-type vehicle, delivering 96 tons to LEO, over 441 tons of propellant is needed for the In'st stage and 153 tons for the second stage. There are many questions that would need to be answered before such large facilities for producing many hundreds of tons of atomic hydrogen would be practicaL Improving the storage life of hydrogen atoms may be possible with very high field magnets of tens of Tesla. These magnets will be very massive and they must be an integral of the production and launch facility. Combining the production tank, with its associated magnets, and the actual launch vehicle stages may be one way of minimizing the losses due to recombination during production and later transport of the propellants.
Recombination
of hydrogen atoms occurs very quicHy and there is tittle control of this reaction unless the atoms are extremely cold: 2 to 4 K. Maintaining this temperature while transporting the propellant through an operational propulsion system will not be easy. During the operation of the engine, large flows of cryogenic particles will be needed without there being any recombination of the atoms within or between those particles. 
